Human kallikrein-related peptidase 6 (KLK6) was cloned as a putative class II tumor suppressor based on its inactivated expression in metastatic breast cancer. Here, we investigated the mechanism(s) underlying the silencing of KLK6 gene in metastatic breast cancer and its putative implications for tumor progression. We present evidence that tumor-specific loss of KLK6 expression is due to hypermethylation of specific CpGs located in the KLK6 proximal promoter. Methylationdependent binding of methyl CpG-binding protein 2 and the formation of repressive chromatin mediated by localized histone deacetylation are critical components of KLK6 silencing in breast tumors. Re-expression of KLK6 in nonexpressing MDA-MB-231 breast tumor cells by stable cDNA transfection resulted in marked reversal of their malignant phenotype, manifested by lower proliferation rates and saturation density, marked inhibition of anchorage-independent growth, reduced cell motility, and their dramatically reduced ability to form tumors when implanted in severe combined immunodeficiency mice. Interestingly, inhibition of tumor growth was observed at physiologic concentrations of KLK6, but not when KLK6 was highly overexpressed, as observed in a subset of breast tumors. Differential proteomic profiling revealed that KLK6 re-expression results in significant down-regulation of vimentin which represents an established marker of epithelial-to-mesenchymal transition of tumor cells and in concomitant up-regulation of calreticulin and epithelial markers cytokeratin 8 and 19, indicating that KLK6 may play a protective role against tumor progression that is likely mediated by inhibition of epithelial-to-mesenchymal transition. We suggest that KLK6 is an epigenetically regulated tumor suppressor in human breast cancer and provide ways of pharmacologic modulation. [Cancer Res 2009;69(9):3779-87] 
Introduction
The cDNA encoding kallikrein-related peptidase 6 (KLK6) was originally identified by mRNA differential display as being highly overexpressed in a primary breast tumor, but completely inactivated in its lung metastasis and the vast majority of metastatic breast cancers (1) . Based on this expression pattern, it was suggested that the encoded protein-a novel serine protease-may function to protect against tumor progression and that it is likely deregulated at the transcription level; therefore, it represents a putative class II tumor suppressor (1) . However, the putative function(s) of KLK6 in cancer are yet to be elucidated. Remarkably, aberrant expression of KLK6 gene has been implicated in Alzheimer's and Parkinson's disease (2) . In addition, KLK6 is involved in enhanced proteolysis of myelin basic protein associated with multiple sclerosis and central nervous system inflammation (3) (4) (5) ; therefore, it represents a potential therapeutic target for pharmacologic intervention.
At the protein level, the enzymatic activity of KLK6 is controlled by a self-regulatory mechanism (6) that is further supported by the crystal structures of the KLK6 zymogen (7) and mature enzyme (3) . The transcription and tissue-specific expression of KLK6 are likely regulated by multiple mechanism(s) that include alternative splicing of coding exons and utilization of alternative intronic promoters (P2 and P3), in addition to the 5 ¶ upstream promoter (P1) that encodes the classic transcript (8, 9) .
Here, we investigated the mechanism(s) underlying the aberrant expression of KLK6 in breast cancer cells and its putative implications for tumor progression. Our results provide direct molecular evidence for the functional significance of DNA methylation and chromatin structure with respect to the inactivation of KLK6 expression in metastatic breast cancer. Epigenetic silencing of KLK6 suggested a tumor suppressor role for the encoded protein. Consistently, we show for the first time that re-expression of KLK6 in the highly tumorigenic MDA-MB-231 breast tumor cell line at concentrations similar to those observed in normal mammary epithelial cells and tissues results in slower proliferation rates, significantly decreased in vitro tumorigenicity, and in vivo orthotopic tumor formation in severe combined immunodeficiency (SCID) mice. Differential proteomic profiling revealed that KLK6 reactivation results in remarkable down-regulation of vimentin with concomitant up-regulation of epithelial markers and other proteins associated with tumor reversion. Taken together, our data show for the first time that KLK6 exerts a protective role against breast cancer progression that is likely mediated by inhibition of epithelial-to-mesenchymal transition.
Cell culture and treatments. Cell lines were obtained from American Type Culture Collection and maintained in RPMI supplemented with 10% fetal bovine serum (Life Technologies). Human mammary epithelial cells (HMEC) were obtained from Clonetics and maintained in MEGM (Clonetics). For treatments, cells were seeded in 100 mm dishes and grown for 24 h to reach 20% to 30% confluence. Then, 5-aza-dC was added to final concentrations of 50 or 100 Amol/L and cells were incubated for 48 h followed by another 48 h in fresh medium and finally collected for extraction of total cellular RNA using RNeasy (Qiagen). TSA was added to final concentrations of 50, 100, or 200 nmol/L.
Cytotoxicity assay. Cells (7 Â 10 4 ) were plated on 24-well plates with 1 mL medium and allowed to adhere for 24 h in order to reach 20% to 30% confluence. 5-aza-dC was added at various concentrations and cells were incubated for another 72 h. Then, 100 AL of 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution was added and cells were further incubated for 2 h. Medium was removed, the insoluble formazan crystals were dissolved in 1 mL of 100% DMSO, and absorbance was measured at 570 nm. Background controls included medium incubated with MTT.
RNA extraction and reverse transcription-PCR. RNA was extracted with RNeasy and treated with DNase I (Qiagen). Reverse transcription was carried out with Sensiscript (Qiagen) using 2 Ag of total RNA and cDNAs were PCR-amplified with gene-specific primers: KLK6S (5 ¶-GGAGGAATTC-CAGCAGGAGCGGCCATG-3 ¶) and KLK6AS (5 ¶-TGTCTCGAGTCAGGGT-CACTTGGCCTG-3 ¶) for KLK6, VIMS (5 ¶-GGCTCAGATTCAGGAACAGC-3 ¶) and VIMAS (5 ¶-CTGAATCTCATCCTGCAGGC-3 ¶) for vimentin, ECADS (5 ¶-TGAAGGTGACAGAGCCTCTGGAT-3 ¶) and ECADAS (5 ¶-TGGGTGAA-TTCGGGCTTGTT-3 ¶) for E-cadherin, and ACTINS (5 ¶-ACAATGAGCTG-CGTGTGGCT-3 ¶) and ACTINAS (5 ¶-TCTCCTTAATGTCACGCACGA-3 ¶) for h-actin.
Genomic bisulfite sequencing. Genomic DNA was extracted with GeneElute (Sigma). To convert unmethylated cytosines to uracils, 1 Ag of genomic DNA was treated with bisulfite using CpGenome (Intergen) and recovered in 30 AL of TE buffer. Bisulfite-treated DNAs were amplified by PCR with methylation-independent primers: 5 ¶-GTTAGAGATTGTAAAG-GAGGATTGT-3 ¶ and 5 ¶-CACACCTACCCATAAATCCCTCTAT-3 ¶. PCR products were cloned into pCR4-TOPO (Invitrogen). Multiple clones were isolated and sequenced.
Chromatin immunoprecipitation. Cells were grown to 80% to 100% confluence. Chromatin was crosslinked with 1% formaldehyde for varying time intervals as described (10) . DNA was purified and dissolved in 100 AL of TE. The KLK6 (À259, +120) sequence was amplified by hot PCR using 5 AL of DNA template purified after chromatin immunoprecipitation (ChIP), 30 pmol of KLK6-specific primers: 5 ¶-ATGGAAGATCTCTCCCCTCCATGGC-CAGG-3 ¶ ( forward) and 5 ¶-GAGACAGCTACAGCGTGTGTCACC-3 ¶ (reverse), 200 Amol/L of deoxynucleotide triphosphates, 0.1 AL of [a- 32 P]dCTP, and 1 unit per reaction of Taq Polymerase (Promega). PCR products were resolved on 6% acrylamide gels and visualized with Phosphor Imager (Molecular Dynamics SSD).
Western blot. Cell lysates (40 Ag) were resolved by 12% SDS-PAGE and blotted on a polyvinylidene difluoride membrane (Millipore) that was blocked and incubated with appropriate antibodies (1:1,000). Then, it was washed in PBS-T and incubated with horseradish peroxidase-labeled secondary antibody (1:4,000). Specific immunoreactive bands were detected with enhanced chemiluminescence (Pierce).
Expression constructs. The cDNA encoding preproKLK6 was PCRamplified from full-length KLK6 cDNA using primers KLK6S and KLK6AS and cloned into pcDNA3.1(+) (Invitrogen). Plasmid DNAs were purified and confirmed by DNA sequencing.
Stable transfections. MDA-MB-231 cells were grown in 100 mm dishes for 24 h and transfected with Polyfect (Qiagen). Polyfect was removed after 48 h and fresh medium containing 0.5 mg/mL of G418 was added for selection. Individual colonies of stably-transfected cells were picked after 3 weeks. The concentration of KLK6 in serum-free conditioned media was measured by ELISA (11) .
Growth curves and soft agar assay. For growth curves, 2.7 Â 10 4 cells were seeded into six-well plates and counted on days 1, 3, 5, 7, and 9.
Determination of population doubling time was performed by plotting ln(cell number) versus time (days) for the logarithmic phase of growth and fitting the data according to the least squares mean method. A soft agar assay was performed as previously described (12) . Colonies were stained with 1 mg/mL of MTT for 24 h and counted in double-blinded experiments. Results and corresponding SDs were derived from three independent experiments.
Wound scratch assay. Cells (4 Â 10
5
) were seeded in six-well plates and left to grow to confluence. The monolayer was wounded by scraping a line across the well with a sterile blue pipette tip. Cells were washed with PBS and refreshed with RPMI supplemented with 10% fetal bovine serum. After 24 h, plates were photographed at the marked spots.
Proteomic profiling. Cell lysates were prepared from 10 8 cells and resolved by two-dimensional PAGE. Differentially expressed proteins were identified by mass spectrometry. Lysates were analyzed three separate times. Results were confirmed in two independent experiments.
In vivo tumor formation. Cells (2 Â 10 6 ) were resuspended in 200 AL of PBS and injected bilaterally into the mammary fat-pad of 6-week-old female SCID mice. Mice were examined on alternate days for the presence of palpable tumors. Tumors were allowed to grow for the indicated times and tumor sizes were measured double-blinded. Then, mice were sacrificed and photographed. Expression of KLK6 in dissected tumor specimens was verified by reverse transcription-PCR (RT-PCR) and Western blot (data not shown). Tumor volumes were calculated using the formula: 1/2 Â height Â width Â length. Experiments were conducted according to the guidelines of our institutions for animal handling.
Results
Aberrant expression of KLK6 gene in breast cancer. Differential expression of KLK6 in normal and tumor mammary cell lines was confirmed by semiquantitative RT-PCR. Protein concentrations were measured in cell culture supernatants by a sensitive and specific ELISA (11) . For investigation of the molecular mechanism(s) underlying the aberrant KLK6 expression patterns observed in breast cancer, a panel of cell lines was selected which included HMECs normal human mammary epithelial cell strain (12 Ag/L KLK6 protein, +KLK6 mRNA), T47D (0.06 Ag/L KLK6, +/ÀKLK6 mRNA) and MDA-MB-231 (0.00 Ag/L KLK6, ÀKLK6 mRNA), two nonexpressing tumor cell lines, and MDA-MB-468, a breast tumor cell line that highly overexpresses KLK6 (400 Ag/L KLK6, +++KLK6 mRNA).
Reactivation of KLK6 expression. Treatment of MDA-MB-231 and T47D breast tumor cell lines with 5-aza-dC, an inhibitor of DNA methyltransferases, resulted in significant induction of KLK6 expression (Fig. 1A) , implicating genomic DNA methylation in KLK6 silencing. As depicted in Fig. 1B , TSA that acts as a potent inhibitor of histone deacetylases (HDAC) up-regulated KLK6 expression dose-dependently in MDA-MB-231 although to a lesser extent than 5-aza-dC. No change in KLK6 expression was observed upon treatment of T47D cells with TSA. These findings indicated that epigenetic mechanisms likely underlie the inactivation of KLK6 in breast cancer cells and pointed to the predominant role of DNA methylation over histone deacetylation in KLK6 silencing. Reactivation of KLK6 expression was also detected in various breast cancer cell lines using lower concentrations of 5-aza-dC (3-10 Amol/L) for a longer period of time (6 days; data not shown). No signs of severe cytotoxicity were observed in the presence of 100 Amol/L of 5-aza-dC, indicating that reactivation of KLK6 expression is most likely associated with DNA demethylation, although it cannot be excluded that the observed up-regulation might also be due to a secondary effect involving cytotoxic mechanisms. As depicted in Fig. 1C , even after 3 days of treatment with 200 Amol/L of 5-aza-dC, f65% of MDA-MB-231 cells were viable. It should be noted that similar 5-aza-dC concentrations were used previously for the induction of genomic DNA hypomethylation in breast cancer cell lines (13) .
Identification of methylated CpG dinucleotides. Biocomputational analysis using CpGplot (European Bioinformatics Institute) identified no typical CpG islands in 12 kb of KLK6 genomic sequence (GenBank: AF149289). Interestingly though, recent data suggested that gene silencing by DNA methylation does not necessarily require a CpG island (14) . Therefore, we searched for methylated cytosines at CpG sites, in association with inactivated KLK6 expression. The 5 ¶ upstream KLK6 (À105, +164) sequence schematically shown in Fig. 1D , which flanks the transcriptional start site of the P1 promoter (15) , was selected for bisulfite sequencing analysis based on its high C+G content of 68% and high density of CpG dinucleotides, i.e., 15 CpGs in a region of 269 bp, and the observed/expected ratio of 0.48. Using methylationindependent primers, PCR amplification was carried out to generate a 319 bp amplicon that contained the above CpG dinucleotides. For each cell line, multiple PCR amplicons were cloned and sequenced. Based on the obtained sequences, shown in Fig. 1D , methylated cytosines occurred at positions À72, À64, À56, À53, À35, +3, +14, +97, +114, and +127. Interestingly, the identified CpGs were completely unmethylated in the MDA-MB-468 cell line that overexpresses KLK6. On the other hand, in MDA-MB-231 and T47D cell lines that are characterized by complete loss of KLK6 expression, the identified cytosines were fully methylated. Analysis of a large number of mammary tumor cell lines revealed a direct correlation of KLK6 mRNA levels with the extent of methylation of the identified CpGs (data not shown; Supplementary Fig. S1 ). As shown in Fig. 1D , HMECs that express relatively low KLK6 mRNA and protein levels were methylated to much lower levels and contained a heterogeneous mixture of methylated and unmethylated alleles. This result indicates that tissue-specific expression of KLK6 may in part be determined by the extent of genomic DNA methylation, as has been well-documented for maspin (16) . The methylation status of the identified CpGs was analyzed in tissue specimens obtained from patients diagnosed with breast cancer and normal controls. Correspondingly, similar methylation patterns of the identified CpGs as those described above for tumor cell lines and normal mammary cell strains were detected in clinical tissue specimens ( Supplementary  Fig. S1 ).
Methylated CpGs are localized in the KLK6 proximal promoter. Using ChIP assay, we showed that components of the basal transcription machinery, i.e., TATA-binding protein and RNA PolII, are bound to the KLK6 sequence from À259 to +120 in the MDA-MB-468 KLK6-expressing cells but not in the MDA-MB-231 nonexpressing cells (Fig. 2A) . For optimization of crosslinking conditions, increasing chromatin-DNA crosslinking times were tested (top). Optimal crosslinking was achieved in 45 min, whereas shorter incubations (15 and 30 min) led to DNA-protein crosslinks that were not stable during subsequent incubation with proteinase K and yielded no detectable PCR products. Prolongation of incubation with formaldehyde may result in changes in the tertiary structure of proteins with implications for antibody recognition. It was found that treatment of MDA-MB-231 cells with TSA causes recruitment of the basal transcription machinery to the KLK6 promoter probably due to acetylation of core histones ( Fig. 2A) and activates transcription and KLK6 expression as shown in Fig. 1B , thus, implicating suppressive chromatin structure in the silencing of KLK6 in breast cancer cells.
Methylation-dependent binding of MeCP2 mediates the repression of KLK6 expression in breast cancer cells. To investigate the recruitment events associated with constitutive and inducible KLK6 transcription in breast cancer cells, we performed a series of ChIP experiments using chromatin prepared from MDA-MB-468 and MDA-MB-231 cells and antibodies against the acetylated tail of histone H4, MeCP2, and histone acetyltransferases, CBP and GCN5. Figure 2B and C shows that constitutive and inducible expression of KLK6 positively correlates with histone H4 tail acetylation. KLK6 upstream sequences containing the identified methylated CpG dinucleotides are enriched in MDA-MB-468 chromatin that was immunoprecipitated with the a-acetyl histone H4 compared with MDA-MB-231 chromatin (Fig. 2B) . Additionally, both TSA and 5-aza-dC treatment resulted in increased histone H4 tail acetylation in the KLK6 promoter in MDA-MB-231 (Fig. 2B ) and in T47D cells (Fig. 2C) , respectively. This enhanced histone H4 acetylation was accompanied by the presence of the CBP coactivator and TATA-binding protein basal transcription factor to KLK6 promoter in MDA-MB-468 and TSAtreated MDA-MB-231 cells. CBP is a histone acetyltransferase that, along with GCN5, could be responsible for the enhanced histone H4 acetylation that we observed when the gene is expressed. Finally, we observed an inverse correlation between binding of the methyl-binding protein MeCP2 to KLK6 upstream sequences and expression of KLK6. MeCP2 binding is not detected in KLK6 upstream sequences in MDA-MB-468-expressing cells whereas MeCP2 departs in TSA-treated MDA-MB-231 and 5-aza-dC-treated T47D cells, respectively. Taken together, these data show that TSA and 5-aza-dC treatment of cancer cells induce KLK6 gene transcription and that this induction correlates with departure of MeCP2 repressor from the KLK6 promoter.
Selection of KLK6-transfected cells. The epigenetic silencing of KLK6 in metastatic tumor cells that was described here points to a putative tumor suppressor function of the encoded protein. Although loss of function of tumor suppressor genes through Figure 2 . Repression of KLK6 expression in breast cancer cells is mediated by methylation-dependent binding of MeCP2. Recruitment events associated with constitutive and inducible KLK6 transcription in MDA-MB-468 and MDA-MB-231 breast cancer cells, respectively, were analyzed by ChIP using antibodies against histone H4 acetylated tail, MeCP2, and histone acetyltransferases CBP and GCN5. A, histone deacetylation upon treatment of MDA-MB-231 cells with 200 nmol/L of TSA reactivated KLK6 transcription by recruiting proteins from the basal transcription machinery on KLK6 chromatin. Crosslinked chromatin prepared from MDA-MB-468 and MDA-MB-231 cells was immunoprecipitated with specific antibodies (right). Increasing crosslinking times (top ). Immunoprecipitates were subjected to PCR using a primer pair spanning the region containing the methylated CpGs (Fig. 1D ) . Aliquots of chromatin taken before immunoprecipitation were used as ''Input'' controls. B, recruitment of MeCP2, histone acetyltransferases, and acetylation status of H4 at the KLK6 CpG-containing chromatin was shown by ChIP. In vivo binding of Ac-H4, MeCP2, CBP, and GCN5 was examined in KLK6 -positive MDA-MB-468 and in KLK6-negative MDA-MB-231 cells (left ). KLK6 chromatin is enriched in Ac-H4 upon HDAC inhibition with TSA (right ). C, release of the MeCP2 repressor and marked increase of Ac-H4 binding to KLK6 chromatin following treatment of T47D cells with 100 Amol/L of 5-aza-dC.
genetic mutations is a hallmark in human cancers, hypermethylation of genomic DNA that usually, but not exclusively, occurs in promoter sequences provides a frequent mechanism of transcriptional silencing and functional disruption of known tumor suppressor genes in cancer cells (13, (17) (18) (19) (20) (21) (22) . To test whether inactivation of KLK6 expression by genomic DNA hypermethylation, and thereafter, lack of KLK6 function provides a growth advantage to metastatic breast tumor cells, the MDA-MB-231 cell line was stably transfected with an expression construct that directs the synthesis of preproKLK6. Stably transfected cells were selected based on the concentrations of secreted KLK6 protein determined by ELISA (Table 1) and established in cultures.
Stable expression of KLK6 reduces proliferation rates, motility, and anchorage-independent growth of MDA-MB-231 cells. The growth rates of parental and mock-transfected cells were compared with that of KLK6-transfected cells. As shown in Fig. 3A and Table 1 , expression of KLK6 protein at physiologic levels (clones: C6wt, C11wt, and C12wt) resulted in reduced proliferation rates of MDA-MB-231 cells. Interestingly, KLK6-transfected cells grew to lower saturation densities than parental or mock controls (Table 1) . Based on previous observations that a small subset of primary breast tumors highly overexpress (e.g., 50-fold to 100-fold higher than normal) KLK6 mRNA and protein (1), a KLK6-overexpressing clone (C5wt) was selected that was found to proliferate with exactly the same rate and reached similar saturation density as parental cells (Table 1 ). The motility of parental, mock-transfected, and KLK6-transfected MDA-MB-231 cells (Fig. 3B) was assessed with the wound scratch (healing) assay (23) . Parental and mock-transfected cells were capable of closing the wound almost completely within 24 hours, whereas cells of KLK6-expressing MDA-MB-231 clones were less motile and showed significantly slower rates of wound-healing (Fig. 3B) . Finally, the effect of KLK6 expression on the tumorigenicity of MDA-MB-231 was assessed in vitro by soft agar assay (12) . As shown in Fig. 3C , parental and mock controls yielded numerous colonies in a period of 3 weeks, whereas a very small number of smaller-sized colonies were obtained for KLK6-expressing clones C6wt, C12wt, and C11wt (data not shown), indicating that KLK6 protein acts to inhibit the anchorage-independent growth of tumor cells. The growth of C5wt cells in soft agar, although significant, was suppressed to a lesser extent (Fig. 3C) . Taken together, our data shows that KLK6 reverses the malignant phenotype of MDA-MB-231 cells and supports the idea that KLK6 might play a tumor suppressor role in breast cancer.
Identification of molecular alterations caused by KLK6. Differential proteomic profiling of parental, mock-transfected, and KLK6-transfected MDA-MB-231 cells was applied to the identification of potential substrates for KLK6. Figure 4A shows a representative pattern of two-dimensional electrophoresis of cell lysates. Proteins displaying differential expression between parental (data not shown), mock-transfected, and KLK6-transfected C12wt cells are shown ( Fig. 4A; Supplementary Table S1 ). Unexpectedly, we found that vimentin, a mesenchymal marker, was dramatically down-regulated in KLK6 transfectants as compared with mock and parental controls (mean, 9-fold reduction). Western blot analysis confirmed that vimentin levels are significantly decreased in KLK6 transfectants (Fig. 4B) . Because RT-PCR showed no change in vimentin mRNA, reduction of vimentin concentration must occur posttranslationally. Down-regulation of vimentin upon expression of KLK6 suggests a possible ''mesenchymal-to-epithelial-like'' (MET-like) transition that would be compatible with a tumor suppressor role (24) . Interestingly, significant up-regulation of the epithelial markers cytokeratin 8 (3-fold) and cytokeratin 19 (10-fold), as well as of calreticulin (3-fold), was detected in KLK6-transfected cells. However, expression of E-cadherin, which is an established epithelial marker (24), was not induced in KLK6 transfectants, as shown by RT-PCR and Western blot (Fig. 4B) .
KLK6 inhibits tumor formation in SCID mice. Parental MDA-MB-231 and mock-transfected cells grew to palpable tumors 6 to 7 weeks after implantation into the mammary fat-pads of SCID mice (Table 2 ; Supplementary Fig. S2, top) . Tumors developed rapidly and exceeded a volume of 1,000 mm 3 after 4 months. In one case, the tumor exceeded a volume of 6,000 mm 3 . In contrast, KLK6-transfected cells showed significant inhibition of tumor growth in vivo. More specifically, clones C11wt and C12wt did not develop tumors even after 4 months following implantation, whereas clone C6wt grew tumors, although with a significantly delayed onset and a slower proliferation rate when compared with parental or mock controls ( Table 2 ; Supplementary Fig. S2, bottom) . The tumor volume was significantly smaller for C6wt cells (mean, 20 mm 3 ; day 77) when compared with parental and mock controls (mean, 200 mm 3 ; day 77; Table 2 ). Taken together, these results indicate that re-expression of KLK6 at physiologic concentrations inhibits tumor formation in vivo and support a tumor suppressor role for this protein. Interestingly, when KLK6 is produced at abnormally high levels, e.g., >100 and 400 Ag/L, as in C5wt and MDA-MB-468 tumor cells, respectively, no inhibition of tumor growth was observed. We found that C5wt cells form tumors with the same efficiency as parental and mock controls in terms of onset, growth rates, frequency, and tumor volume at the end point ( Supplementary Fig. S2 ). Notably, in two C5wt-injected sites, the final tumor volume exceeded 6,000 mm 3 , as also observed for parental MDA-MB-231 cells in one case. Similarly, the onset of MDA-MB-468 tumor growth in SCID mice was observed in only 3 weeks and tumors continued to grow very efficiently (in six of six sites injected; data not shown).
Discussion
Kallikrein-related peptidases participate in proteolytic cascades that regulate important physiologic and pathophysiologic processes (25) . Aberrant expression of KLK6 has been associated with human breast and ovarian cancers, although the molecular mechanisms underlying this dysregulation have not been described. Here, we show that 5-aza-dC induces KLK6 expression in KLK6-negative breast cancer cell lines. TSA reactivates KLK6 only in MDA-MB-231 cells. Although KLK6 lacks a typical CpG island, the methylation status of distinct CpG dinucleotides located in KLK6 proximal promoter correlated with KLK6 expression. We found that tumor-specific loss of KLK6 expression results from hypermethylation of these CpGs, whereas their complete demethylation is associated with the constitutive KLK6 expression observed in a subset of breast tumors.
Recruitment events to KLK6 proximal promoter were studied by ChIP in MDA-MB-468 cells, in which KLK6 expression is constitutive, and during induction of KLK6 expression in TSAtreated MDA-MB-231 and in 5-aza-dC-treated T47D cells. It was shown that the mechanisms of constitutive and inducible transcription of KLK6 are likely different and that CpG methylation-mediated KLK6 silencing in cancer cells is associated with the formation of transcriptional repression complexes, e.g., recruitment of MeCP2 and localized deacetylation of histone H4. The identification of the MeCP2 repressor in KLK6 chromatin is compatible with the lack of CpG islands because MeCP2-mediated repression does not require a CpG island. Interestingly, MeCP2 has been shown to repress transcription by binding even to a single methylCpG (26) . Methylated DNA and MeCP2 recruit corepressor complexes that mediate repression through deacetylation of core histones (27) , with consequent compaction of DNA into the heterochromatin. MeCP2 can displace histone H1 from preassembled chromatin that contains methylCpG and recruits HDACs to suppress gene expression (27) (28) (29) (30) . Our data shows that 5-aza-dC treatment of breast cancer cells induces KLK6 transcription and that this induction correlates with the departure of the MeCP2 transcriptional repressor from the KLK6 promoter. Surprisingly, activation of KLK6 by TSA also forces MeCP2 to vacate the promoter. It could be either that MeCP2 protein binding is incompatible with histone acetylation on this promoter or that TSA may cause site-specific DNA demethylation (31) . In conclusion, methylationdependent binding of MeCP2 and the formation of repressive chromatin inhibit the transcription of KLK6 by interfering with the recruitment and function of the basal transcription machinery.
Epigenetic silencing of KLK6 in breast cancer cells suggested that the encoded protein could normally play a tumor suppressor Figure 4 . Molecular changes in the intracellular proteome accompanied by reconstitution of KLK6 expression. A, lysates from mock and C12wt cells were analyzed by two-dimensional PAGE. Circles, differentially expressed proteins (also shown in Supplementary Table S1 ). B, down-regulation of vimentin was confirmed by Western blot analysis, whereas no change in mRNA levels was detected by RT-PCR. Protein and mRNA levels of E-cadherin were not altered.
role. Therefore, we stably transfected the KLK6 cDNA into nonexpressing MDA-MB-231 breast tumor cell line and investigated potential effects on the tumor cell phenotype. We found that re-expression of KLK6 at physiologic concentrations, as those found in breast cyst fluid from normal humans, e.g. Indeed, differential proteomic profiling of parental, mocktransfected, and KLK6-transfected MDA-MB-231 cells revealed that restoration of KLK6 results in extensive down-regulation of the major mesenchymal marker vimentin that is characteristic of aggressive forms of breast cancer (36) , and concomitant upregulation of epithelial markers such as cytokeratin 8 and cytokeratin 19, and of calreticulin, a protein with a molecular chaperone function and antiangiogenic activity (37) . Downregulation of vimentin is associated with reduced tumor aggressiveness (38) . In addition, up-regulation of cytokeratin 8, which is usually not expressed in metastatic breast cancer cells (39) , and reduced motility observed in KLK6-transfected cells are both compatible with MET-like tumor reversion (24) . Therefore, KLK6 likely promotes a MET-like transition, a function that merits further thorough investigation. Vimentin was also markedly repressed in KLK6-overexpressing C5wt and MDA-MB-468 cells. It should be noted, however, that we could not detect a significant up-regulation of E-cadherin that represents the major epithelial marker or ''caretaker'' of the epithelial phenotype (24) . How KLK6 expression results in down-regulation of vimentin is unknown. Direct cleavage of vimentin by KLK6 is unlikely because KLK6 is an extracellular protease. Construction of the KLK6 interactome revealed that KLK6 might act via the transforming growth factorh1 (TGF-h1) pathway to reduce TGF-h1 levels by degrading the extracellular protein fibronectin (40) . Fibronectin increases steadystate mRNA levels of TGF-h1 that is known to up-regulate vimentin and to down-regulate cytokeratin 8 and calreticulin. Indeed, we have shown that TGF-h1 levels reverse-correlate with KLK6 expression in TGF-h1-treated breast tumor cells. 5 Proteases were considered to act as tumor promoters by degrading components of the extracellular matrix. Accumulating evidence indicates that specific proteases inhibit early tumor growth or/and progression (41) . KLK6 has been implicated in the induction of differentiation of colon (42) and squamous cell carcinomas (43) , and in the inhibition of angiogenesis (6) , compatible with its function as a tumor suppressor. In summary, it was shown for the first time that KLK6 normally exerts a tumor-protective function against breast cancer that is likely mediated by inhibition of epithelial-to-mesenchymal transition, and that epigenetic mechanisms underlie its loss-of-function in breast tumor cells. Pharmacologic modulation of KLK6 gene expression described here may be exploited therapeutically.
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